Critically ill preterm and term neonates are at high risk for negative iron balance due to phlebotomy that occurs with frequent laboratory monitoring, and the high iron demand of rapid growth. Understanding the prioritization of iron between red blood cells (RBCs) and brain is important given iron's role in neurodevelopment. Methods: Ten neonatal twin lamb pairs (n = 20) underwent regular phlebotomy for 11 d. Lambs were randomized to receive no iron or i.v. daily iron supplementation from 1 to 5 mg/kg. Serum hemoglobin concentration and reticulocyte count were assayed, iron balance calculated, and iron content of RBCs, liver, brain, muscle, and heart measured at autopsy. results: Among phlebotomized lambs: (i) liver iron concentration was directly related to net iron balance (r = 0.87; P < 0.001) and (ii) brain iron concentration was reduced as a function of net iron balance (r = 0.63) only after liver iron was depleted. In animals with negative iron balance, total RBC iron was maintained while brain iron concentration decreased as a percentage of the iron present in RBCs (r = −0.70; P < 0.01) and as a function of reticulocyte count (r = −0.63; P < 0.05). conclusion: Phlebotomy-induced negative iron balance limits iron availability to the developing brain.
INTRODUCTION
Anemia of prematurity is exacerbated by phlebotomy-induced anemia (PIA). Preterm and critically ill term neonates are at high risk of anemia due to frequent blood sampling needed for laboratory analysis, often totaling 10-40 ml/kg per week (1) . The negative iron balance created by PIA has the potential for being a major neurodevelopmental risk factor for high-risk neonates. In support of this speculation, disrupted learning and memory behavior and slower speed of processing have been demonstrated in iron-deficient neonates (2, 3) and in preclinical models of neonatal brain iron deficiency (4) (5) (6) .
The degree of anemia that can be tolerated in a preterm neonate is not known. Two recent randomized controlled trials, the PINT trial and the Iowa trial, examined the effect of liberal vs. restrictive transfusion practices in the neonatal intensive care unit. These trials examined transfusion triggers ranging from 70 to 150 g/l that varied based on the infant's chronological age and respiratory support needs. Findings from these two trials remain inconclusive, yielding conflicting results between the short-term and long-term neurodevelopmental follow-up data (7) (8) (9) (10) . However, with greater awareness of the potential risks associated with RBC transfusions, there has been a general trend in clinical practice toward limiting transfusions and tolerating lower hemoglobin concentrations through strict protocols (11) . Tolerance of greater degrees of anemia and provision of less RBC transfusions potentially negatively affects the total body iron status, placing ill term and preterm infants at increased risk of brain iron deficiency and neurodevelopmental sequelae. This situation is complicated by iron status being traditionally measured clinically by biomarkers of active erythropoiesis such as reticulocyte count, or red cell iron status based on hemoglobin, mean corpuscular volume, or zinc protoporphryn concentrations (12) . The validity of these biomarkers to index the iron status on the brain and thus the risk for neurodevelopmental sequelae depends on the assumption that iron is depleted and repleted in the brain concurrently with the RBCs. However, autopsy studies of growth-restricted infants and infants of diabetic mothers have demonstrated brain iron deficiency in the absence of anemia (13, 14) , suggesting that the iron status of the brain and the peripheral blood are not mirror images. Therefore, if brain iron is potentially compromised at the expense of maintaining RBC iron status, the strategy of screening for brain iron deficiency with tools utilizing RBC iron markers will not be accurate, and in fact, may be misleading.
The conflicting clinical data regarding RBC transfusion thresholds (7-10) along with the autopsy findings from other at-risk infants (13, 14) suggest complex mechanisms leading to brain iron deficiency not easily predictable based on traditional peripheral blood measures of anemia and RBC activity. The aim of this study was to examine the relationship and prioritization of iron between two important iron-dependent developmental processes, erythropoiesis and brain development. We used PIA and variable iron supplementation in the newborn lamb to generate a broad spectrum of iron balance that included near-complete depletion of iron stores. Significant negative iron balance was induced to place the brain in direct
RESULTS
The net iron balance of all iron-treated groups differed significantly (P < 0.01) compared to the phlebotomized group that received 0 mg/kg/d. Higher doses of supplemental iron resulted in increasingly positive net iron balance (Figure 1) . Mean negative iron balance occurred in the 0 and 1 mg/kg/d iron-treated group. All animals in both groups were in negative balance. The 2 mg/kg/d group achieved a net neutral iron balance. Positive iron balance was present at daily doses of 5 mg/kg/d of i.v. iron supplementation in phlebotomized animals and in non-phlebotomized control animals receiving 3 mg/kg/d iron supplementation. These changes in iron balance were reflected by a similar change in iron indices over the phlebotomy period ( Table 1) . Plasma iron was low, total ironbinding capacity (TIBC) high, and TIBC saturation low in the 0 and 1 mg/kg/d groups in negative iron balance (P < 0.05). No significant change was seen in the iron indices among the 2 mg/kg/d group in net neutral iron balance, and the 5 mg/kg/d iron-supplemented group in positive iron balance showed a significant increase in plasma iron and TIBC saturation consistent with iron accretion (P < 0.05). Figure 2 shows the mean hemoglobin in each group prior to exchange transfusion (day 1), after exchange transfusion (day 2), and at sacrifice (days [11] [12] . Only the animals in positive iron balance (5 mg/kg/d group) showed an increase in mean hemoglobin over the phlebotomy period. The 10 lambs receiving no iron gained weight slower than their 10 twin siblings that received iron (mean ± SD: 42.3 ± 5.6 vs. 47.8 ± 8.3 g/kg body weight per day; P = 0.004), resulting in less expansion of their calculated blood volumes (mean ± SD: 254 ± 48 vs. 288 ± 68 ml).
As the net iron balance decreased, RBC and brain iron were preferentially maintained over liver iron. Progressively negative iron balance was directly and linearly associated with a lower percent of calculated total body iron located in the liver (Figure 3a) , but a higher percentage in the RBCs (Figure 3b ) and the brain (Figure 3c ).
Brain iron concentration was curvilinearly related to liver iron concentration (Figure 4) with an apparent threshold liver iron concentration at which point brain iron concentration was compromised. No linear relationship was found between brain iron concentration and liver iron concentration in subjects whose liver iron concentrations were above (r = 0.24; P = 0.65) the identified threshold point. Below the threshold point, the relationship between brain iron concentration and liver iron concentration was nearly linear (r = 0.54; P = 0.06). This decline in brain iron concentration occurred in animals whose liver iron concentrations were <10% of non-phlebotomized, iron-supplemented control animals. All animals in the 0 and 1 mg/kg dosage groups (n = 13), or those animals in negative iron balance, had liver iron concentrations <10% of non-phlebotomized controls.
Brain iron concentration was inversely related to the percentage of total body iron in RBCs in the 13 animals in the 0 or 1 mg/kg dosage groups (Figure 5 ), but this relationship was not seen in those animals in neutral or positive iron balance. The findings indicate a preservation of iron delivery to RBCs at the expense of brain iron concentration. In the animals in negative iron balance, brain iron concentration was also inversely related to the mean percentage of reticulocytes in the peripheral blood, indicating that the prioritization of iron was occurring in the face of ongoing RBC production and contributing to brain iron deficiency ( Figure 6 ).
DISCUSSION
Brain development and erythropoiesis are both high-priority, iron-dependent processes in the neonate. This study illustrates the biologic principle that when iron supply does not meet iron demand, iron is prioritized to the red blood cells over the brain, a process that could lead to brain iron deficiency as a result of neonatal phlebotomy. In humans and multiple animal models, neonatal brain iron deficiency is a risk factor for abnormal neurodevelopment (3-7). Because erythropoiesis continues in the face of limited iron availability for brain development, screening for iron deficiency by measuring hemoglobin concentrations or reticulocyte counts may fail to identify individuals at risk for impaired neurodevelopmental outcomes due to negative iron balance. The neonatal period is a time of rapid body and brain growth and development. The neonatal brain consumes 60% of the total body oxygen consumption (15) . Perinatal iron uptake and utilization is particularly active in order to support the brisk neurogenesis, synaptogenesis, dendrite formation, and myelination that define this critical developmental period (16) . If iron supply is inadequate, brain iron deficiency results, which is associated with acute and persistent deficits in neural speed of processing and learning and in memory behavior (2, 3, 17) . The brain's overall high metabolic rate requires an adequate supply of iron to support synthesis of cytochromes and other iron-dependent hemoproteins, and the demand for iron increases during development since the metabolic activity of the brain is higher at that time compared to adulthood (18) (19) (20) (21) 22) . The elevated cytochrome c oxidase activity and ATP utilization of the neonatal brain demonstrates the importance of providing adequate iron to support its metabolic rate (23) (24) (25) (26) (27) .
Our study shows that the erythron outcompete the other tissues, including the brain, for limited circulating iron. We have previously shown that iron allocation favors oxygen delivery over energy production. In the infant of the diabetic mother, hemoglobin production is favored over liver and brain iron (13) . In fetal sheep, heart myoglobin concentrations are preserved at the expense of cytochrome c concentrations during myocardial iron deficiency (28) . At the cellular level, the mechanism to accomplish this inter-organ iron prioritization is unknown but may involved increased TfR-1 expression on red cell precursors in the bone marrow and a relative reduction of the TfR-1 expression of the brain. An additional contributing factor in the inter-organ allocation of iron may be related to iron's role in brain metabolism. The mammalian target of rapamycin (mTOR) pathway is a highly conserved protein kinase intracellular signaling pathway that relies on adequate metabolic substrates, including iron and oxygen, to regulate important neuronal cell functions including cell size and survival and actin polymerization (29, 30) . A microarray analysis published in 2007 by Carlson et al. (30) showed that neonatal iron deficiency anemia suppressed mTOR pathway activity in the rat brain. We speculate that in the current study, severe PIA may slow brain metabolism, thus decreasing brain iron demand and permitting a greater amount of the limited circulating iron to support active hematopoiesis. 
Articles
In the current study, a threshold for residual liver iron, which reflects iron storage, was identified below which brain iron was compromised while erythropoiesis was not. Brain iron was relatively conserved until liver iron was depleted to ~10% of that observed in non-phlebotomized controls. Autopsy findings in a study in term iron-deficient human neonates demonstrated a similar brain iron threshold at 10% residual liver iron (13) . We were gratified to achieve a similar threshold response in our lamb model as in the human neonate. The threshold at which competition for iron between RBCs and the brain likely varies among species, dictated by the iron demand of the competing physiologic processes of brain development and erythropoiesis. For example, initial hemoglobin concentrations targeted in the lambs after saline exchange transfusion represented a ≥40% reduction in the total RBC volume. Despite these significant phlebotomy losses, only the most severely iron depleted animals in negative iron balance demonstrated competition for iron between the brain and the RBCs. Lambs in less negative or in positive iron balance were less affected and iron distribution to the brain and to the RBCs were preserved at the expense of the liver. On the other hand, human neonates present a unique challenge to maintaining iron balance because they have larger, more metabolically active brains relative to the lamb and to other model species (29, 31) . The high metabolic demand of the human infant brain makes it more vulnerable to small changes in substrate (e.g., iron) availability. Lambs, whose brain metabolic rate is only 1.7% of total oxygen consumption (32), would not be expected to have the same sensitivity to modest changes in iron availability. We utilized these considerations in designing the amount of phlebotomy and the amount of iron supplementation in this study.
It is important to note that brain iron deficiency as a result of PIA in the very preterm infant has not yet been definitively demonstrated. Previously discussed data from other at-risk populations such as growth-restricted infants or infants born to diabetic mothers suggest that the very preterm or critically ill infants may also be at risk for brain iron deficiency due to their high phlebotomy losses and risk of a rapidly accumulating iron deficit. It is the impact of multiple factors on the total body iron balance that ultimately confers risk to preterm infants. Iron balance is supported by iron supplementation and blood transfusion-practices that can vary greatly in clinical practice. As an example, the American Academy of Pediatrics recommends iron supplementation of 2 mg/kg/d provided enterally by 4 wk of age in stable premature infants (33) . However, enteral iron has variable absorption in preterm infants, potentially as low as 7%, but up to 30-40% on average (34). In our study, 2 mg/kg/d of i.v. iron supplementation achieved a net neutral iron balance in phlebotomized lambs. If this adjusted for enteral dosing with an average absorption rate of 30%, ~6 mg/kg/d enteral iron would be needed to maintain a net neutral iron balance with ongoing phlebotomy. Likewise, an enteral iron dose of 15 mg/kg/d would be needed to achieve a net positive iron balance in the critically ill infant with ongoing phlebotomy losses based on our study findings. Therefore, it is possible that the average recommended enteral iron supplementation dose of 2 mg/kg/d may be inadequate in the high-risk infant Articles Zamora et al.
to either replace a whole body iron deficit or even maintain a neutral iron balance. The risk of neonatal brain iron deficiency due to repeated phlebotomy is real; preterm and critically ill term infants regularly undergo small volume phlebotomy for laboratory analysis, which can add up to their entire blood volume every 2 wk (1). Since the majority of neonatal iron resides in the RBC mass (35) , each gram of hemoglobin removed by phlebotomy represents a loss of 3.46 mg of elemental iron from the total body pool. In addition, these at-risk infants have limited iron stores, rapid growth rates, and a continual need for an expanding blood volume. Two commonly employed therapies, nutritional iron supplementation and RBC transfusion, may counteract the negative iron balance induced by phlebotomy by supplying additional iron. Significant controversy persists surrounding optimal timing, dose, and route of supplemental iron administration in preterm infants due to its potential risk for increased oxidative stress (36) . Currently, iron supplementation practices vary, both nationally and internationally (11, 36) . RBC transfusions are given to replace blood lost through phlebotomy with the concurrent benefit of replacing iron that is lost as well. However, more restrictive blood transfusion practices have evolved (7, 8, 37) because of increased concerns regarding the potential toxicity of blood transfusions. Negative iron balance generally occurs because the amount of iron given by either route is less than the growing total body iron deficit and the ongoing demand to support erythropoiesis, ex-utero growth, and brain development.
The detection of brain iron deficiency in clinical practice remains problematic, particularly in the preanemic state. To date, the assumption has been that the iron status of the brain is reflected by biomarkers obtained from the peripheral blood such as markers of reticulocytosis and erythroid iron status. However, this study provides evidence that the prioritization or utilization of iron in the RBC mass does not always occur in parallel with the brain. Human neonates and infants can have brain iron deficiency and neurobehavioral alterations in the absence of anemia (17, 38) . Serum ferritin is sometimes used as a surrogate marker of brain iron deficiency. Although falling ferritin levels do not directly correlate with brain iron status, they may predict the risk of brain iron deficiency. Ferritin concentrations of <40 µg/l in humans have been shown to correlate with the "threshold" at which brain iron is affected (13, 17) , although affected learning and memory have been demonstrated in cord blood ferritins of <76 µg/l (39).
Since there is a hierarchical progression to tissue level iron division, biomarkers that predate brain iron deficiency are needed. In our study, the mean TIBC saturation was significantly lower at 10 d of age in the animals in negative iron balance (≤2.1%, see Table 1 ) compared to those animals in net neutral or net positive iron balance, serving as a possible indicator of impending brain iron deficiency. Additional research should focus on how to best identify infants at risk for brain iron deficiency, and how best to mitigate these risks so that neurodevelopmental outcomes can be optimized. Further research is needed to fully understand the impact of iron prioritization away from the brain during neonatal anemia on functional outcomes such as neurobehavioral development.
Conclusion
Iron was prioritized to RBC production over brain accretion in a model of PIA in neonatal lambs. This has relevance to the neonatal intensive care unit, where critically ill preterm and term neonates undergo extensive iron loss through phlebotomy for frequent laboratory analysis. The risk to the neonate is further accentuated by the lack of a specific laboratory indicator of brain iron status. This problem is of high clinical importance because early life iron deficiency leads to persistent learning and memory deficits because of iron-dependent critical periods found in early brain development. Based on the principle of iron prioritization as demonstrated in this study, limiting unnecessary blood draws, optimizing iron supplementation, and considering the impact of blood transfusions on the total body iron status may be clinically important considerations to support iron balance in the high risk neonate and improve their long-term outcomes.
METHODS
The University of Iowa's Animal Care and Use Review Committee reviewed and approved this study. Additional details of the experimental study design, materials, and methods in these same animals have been previously published in a study focused on the inter-and intra-organ distribution of iron in this model of PIA (40) . This study represents the specific assessment of iron prioritization between the RBC mass and the developing brain.
Experimental Protocol
At 2 to 3 d of age, 10 neonatal twin lamb pairs were randomized in which 1 twin received i.v. iron supplementation, and its twin received no iron supplementation. Within the iron supplementation group, lambs received an average daily dose of elemental iron of 1 mg/kg (n = 3), 2 mg/kg (n = 3), or 5 mg/kg (n = 3). An additional lamb received 15 mg/kg/d of i.v. iron supplementation but was not included in the final analysis given the small size of the sample group (n = 1). Within 2-3 d of birth, a percutaneous jugular venous catheter was placed, and animals underwent exchange transfusion with normal saline, acutely dropping the hemoglobin to a target value of 60 g/l, decreasing the RBC mass by ~40%. Over the subsequent 11-d period, the lambs were phlebotomized at 6-9 ml/kg body weight at six additional times occurring every other day. The iron-supplemented lambs received their first i.v. iron dose immediately after the exchange transfusion, and following each subsequent phlebotomy. A non-phlebotomized control group consisted of 5 lambs that received 3 mg/kg i.v. iron supplementation daily. Serum hemoglobin, reticulocyte count, plasma iron, and TIBC were monitored at least daily in all lambs prior to and throughout the phlebotomy period. Sacrifice was by overdose of phenobarbital sodium. The organs were weighed, samples collected, and frozen at −70 °C for later analysis.
Biochemical and Hematological Methods
Tissue iron concentration was determined on thawed tissue samples rinsed with normal saline. The samples were lyophilized for 72 h, then weighed and digested by a 10 ml solution of 4:1 70% nitric acid: 70% perchloric acid. Tissue iron concentrations were determined by atomic absorption spectroscopy and compared to standard solutions, as previously described (16) .
Hemoglobin concentrations were determined using an IL-482 CO-Oximeter (Instrumentation Laboratories, Lexington, MA). Reticulocyte count was determined using a bench top flow cytometer (FACScan; Becton-Dickinson, San Jose, CA), stained with thiazoleorange (Retic-COUNT, Becton-Dickinson) and analyzed with Retic-COUNT software, version 1.0 (Becton-Dickinson). Plasma iron and Articles TIBC were assessed in duplicate electrochemically with a Ferrochem II Analyzer (ESA, Bedford, MA). The interassay variability was <5%.
Data Management
Net iron balance, individual tissue iron content, and the RBC iron content were calculated. Tissue iron contents of the liver, brain, heart, and skeletal muscle were determined as the product of the measured tissue iron concentration per dry weight and the wet to dry ratio of the specific tissue and the organ weight. For example, the brain iron concentration was measured, and multiplied by 8.3:1, the wet to dry ratio of the brain tissue and the brain weight. The RBC iron content was calculated from an estimated blood volume of 80 ml/kg body weight, 3.47 mg of elemental iron/gram of hemoglobin, the hemoglobin concentration, and animal weight at time of sacrifice. The magnitude of the blood loss in the study is accounted for in the net iron balance calculation. The net iron balance over the experimental period was determined by subtracting the milligram of iron in hemoglobin removed by phlebotomy from the i.v. iron administered in mg/kg/d.
Data Analysis
Net iron balance was compared among the iron dosage groups. Iron prioritization was assessed by first determining the total measured iron content from each lamb in three major tissue compartments: storage iron (liver), erythroid iron (RBC mass), and metabolically active and functionally important nonstorage, nonerythroid iron (brain, heart, skeletal muscle). The details of these analyses have been previously described (40) . Iron prioritization was determined as the percentage of measured iron content of each tissue compartment or organ as a function of the total measured iron content of the RBCs, liver, brain, heart, and skeletal muscle combined. The effect of iron balance on the percentage of total iron allocated to a given organ was assessed by regression analysis, as was the relationship between brain iron concentration and liver iron concentration. In order to assess iron prioritization between RBCs and brain, brain iron concentration was plotted as a function of the percent of total measured iron allocated to the RBCs and as a function of the mean reticulocyte count from the 11-d sampling period. Both relationships were assessed by regression analysis. All data were parametric. Statistical significance for all comparisons was set at an α of 0.05.
